Low cycle fatigue behavior of the extruded AZ80 magnesium alloy under different strain amplitudes and strain rates  by Wang, Cong et al.
Full Length Article
Low cycle fatigue behavior of the extruded AZ80 magnesium alloy under
different strain amplitudes and strain rates
Cong Wang, Tianjiao Luo, Yuansheng Yang *
Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China
Received 16 March 2016; revised 21 July 2016; accepted 21 July 2016
Available online 8 August 2016
Abstract
Low cycle fatigue behavior of extruded AZ80 magnesium alloy was investigated under uniaxial tension-compression at different strain
amplitudes and strain rates. The results show that the extruded AZ80 magnesium alloy exhibits cyclic hardening at strain amplitudes ranging from
0.4% to 1.0%, the asymmetry of hysteresis loops becomes increasingly obvious when the strain amplitude increases. Higher strain rates correspond
to higher stress amplitudes, high mean stresses and short fatigue life. {10–12} extension twins play a role in the cyclic deformation under higher
strain amplitudes (0.8%, 1.0%). The relationship between total strain energy density and fatigue life can be described by the modified Morrow
model. The effect of strain rate on the fatigue life can also be predicted by the model.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
Due to its low density, high specific strength, and excellent
damping properties, magnesium alloys are widely used in astro-
nomical and automotive industries especially when energy
saving and environment protection are drawing ever more atten-
tion [1,2]. Wrought magnesium alloys exhibit better mechanical
properties compared with their cast counterparts, so they will
find wide application as structural components. Safe design of
load-bearing components demands information about the cyclic
deformation and fatigue properties. Wrought magnesium alloys
usually show tension-compression yield asymmetry related to
both the basal texture that the c-axis is preferentially aligned
perpendicular to the extrusion direction or rolling direction
[3–7] and the polar nature of twinning that extension twinning
can only be activated by c-axis tension. The yield asymmetry
complicates the cyclic deformation and fatigue properties of
wrought magnesium alloys.
The cyclic deformation and fatigue properties of wrought
magnesium alloys have been reported in many studies. The
rare-earth element containing extruded magnesium alloys
GW123K [8] and GW103K [9] showed symmetric hysteresis
loops under fully reversed strain controlled cyclic deformation,
but NZ30K alloy [10] showed asymmetric hysteresis loops
under similar conditions just as other wrought magnesium
alloys containing no rare-earth element did [7,10,11], the asym-
metric hysteresis loops resulted in positive mean stress
[7,10–12] which weakened the fatigue resistance, the mean
stress first increased and remained constant with increasing
cycles in AZ31 magnesium alloy [7,10] but it first decreased
then increased in AZ61 [11] and AZ31B magnesium alloy [12];
cyclic hardening was found in AZ31 [10], AZ31B [3] and AZ61
magnesium alloy [11], NZ30K exhibited cyclic softening at low
strain amplitudes and cyclic hardening at high strain amplitudes
[13]; however, GW123K [8] and GW103K [9] showed cyclic
stabilization. AZ80 magnesium alloy can serve as structural
material since it has good mechanical properties and relatively
low price [14], but studies on fatigue properties of AZ80 mag-
nesium alloy are concentrated on the effect of surface treatment
[15,16], fatigue crack propagation [17] or fatigue properties in
high cycle fatigue regime [18,19], information about the cyclic
deformation and low cycle fatigue properties of extruded AZ80
magnesium alloy is lacking [20,21].
Some studies have been carried out to investigate the effect
of strain rate on cyclic deformation and fatigue properties of
magnesium alloys. Duan et al. reported that under strain ratio
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of -∞, high strain rates favored {10–12}〈10–11〉 twinning–
detwinning and inclined to restrict dislocation slip, which
resulted in low hardening rates and long LCF life [22], Begum
et al. pointed out that the evolvement of stress amplitudes was
almost the same under different strain rates, a longer crack
propagation stage resulted in longer fatigue life under high
strain rates [23]. Han et al. [24] investigated fatigue crack
propagation behavior of extruded AZ31 magnesium alloy and
found that high loading frequency corresponded to long fatigue
life. Zeng et al. [25,26] also suggested that higher frequency
lead to lower FCP rate for AZ80 and AZ61 magnesium alloys.
Since the effect of strain rate on cyclic stress response varies
with loading conditions and it is unclear to what extent the
lower FCP rates under higher strain rates would affect the low
cycle fatigue life, this study endeavors to investigate the cyclic
deformation and low cycle fatigue properties of extruded AZ80
magnesium alloy under different strain amplitudes and different
strain rates.
Experimental material and procedures
The material used in this study was extruded AZ80 magne-
sium bar with a composition shown in Table 1, its diameter is
22 mm and it was extruded at a temperature of 380 °C with the
extrusion ratio of 35. Round tensile test specimens with a diam-
eter of 5 mm and compressive test specimens with a diameter of
8 mm along with dog bone-shaped fatigue specimens with
cross section area of 4 × 4mm2 within the gauge section were
machined from the rod using EDM. The axis of these specimens
was parallel to the extrusion direction. The fatigue tests were
conducted on Instron electropuls E10000 servo hydraulic
testing machine at room temperature. Low cycle fatigue tests at
different strain rates and strain amplitudes were performed
under fully reversed push–pull mode. The strain amplitudes
were 0.4%, 0.6%, 0.8% and 1.0% under strain rate of
1 × 10−2 s−1, and the strain rates were 1 × 10−3 s−1, 5 × 10−3 s−1,
1 × 10−2 s−1 and 1 × 10−1 s−1 under strain amplitude of 0.8%. The
strain was measured by an extensometer attached to each speci-
men, its gauge length is 10 mm, the knife-edge of the exten-
someter was covered with double-sided tape to protect the
specimen and avoid the relative movement of the specimen and
the extensometer. Before fatigue test, the fatigue specimens
were ground using SiC paper of 5000 grit. Two specimens were
tested at each level. The test was stopped when the specimens
fractured into two parts, and the corresponding number of
cycles was defined as fatigue life.
The samples for microstructure examination were cut from
the rod and ground using SiC paper from 800 grit up to 2000
grit followed by polishing using 2.5 µm diamond paste. The
etchant of acetic picric solution (4.2 g picric acid, 10 ml acetic
acid, 10 ml H2O and 70 ml ethanol) was used to reveal the
microstructure, macrotexture was measured using X-ray dif-
fraction. Electron–Back scatter diffraction (EBSD) was used to
examine the microstructure away from the fracture surfaces.
Results and discussion
Microstructure and monotonic mechanical properties
Fig. 1a,b shows the optical microstructure of extruded AZ80
along the extrusion direction and perpendicular to the extrusion
direction, respectively, equiaxed grains can be observed with
average grain size around 8 µm. No twin was found.
The monotonic mechanical properties are tabulated in
Table 2. The yield strength and ultimate tensile strength is
slightly higher than that reported by Shiozawa et al. [18], which
may be the result of finer grain size in this study.
The (0002) and (10-10) pole figures are shown in Fig. 2. The
iso-intensity contours are labeled as multiplies of the random
distribution (mrd) with the maximum intensity around 2 mrd.
According to the basal (0002) and prismatic (10-10) pole
figures, the texture can be considered as a fiber texture with
basal plane roughly parallel to the extrusion direction.
Effect of strain amplitude
Fig. 3 demonstrates the orientation maps of the fatigued
specimens on the ED-TD plane at strain amplitudes of 0.4%,
Table 1
Chemical composition of AZ80 magnesium alloy (wt%).
Al Zn Mn Mg
7.8–9.2 0.2–0.8 0.12–0.5 Bal.
Fig. 1. Microstructure of extruded AZ80: (a) along extrusion direction, (b) perpendicular to extrusion direction.
Table 2
Monotonic mechanical properties of the extruded AZ80 alloy.
Tensile yield
strength (MPa)
Ultimate tensile
strength (MPa)
Elongation
(%)
Ultimate compressive
strength (MPa)
236 343 16 341
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0.8% and 1.0%. At strain amplitude of 0.4%, there is no
residual twin indicating dislocation slip is the main deformation
mode. A lot of residual twins can be observed at strain ampli-
tudes of 0.8% and 1.0% implying twinning-detwinning plays a
role in the cyclic deformation process. Some twins spread
across the grain and others terminate at the interior of the grain.
Most of the residual twins observed are extension twins with a
misorientation angle around 86° relative to the original grain as
indicated by the point to point misorientation distribution along
line AB in Fig. 7d, inspection of the misorentation angle at
other twin boundaries also shows the same result.
Fig. 4 shows the cyclic stress response under different strain
amplitudes. The stress amplitude increases with increasing
strain amplitude. Cyclic hardening can be observed under all
strain amplitudes, similar results were observed in extruded
ZK60 [27], AZ61 [11], and AZ31 [28,29] alloy. The cyclic
hardening rates under strain amplitudes of 0.8% and 1.0% are
significantly higher than that under strain amplitudes of 0.4%
and 0.6%. The mechanism accountable for this phenomenon is
discussed as follows: under small strain amplitudes where dis-
location glide is the main plastic deformation mode, the cyclic
hardening of the material is mainly the result of dislocation
multiplication and their interaction with the second phase
Mg17Al12 [30] and the grain boundary; under higher strain
amplitudes, apart from the cyclic hardening from dislocation,
twinning can be activated during the compressive loading [31],
Fig. 2. (0002) and (10-10) pole figures of extruded AZ80 magnesium alloy.
Fig. 3. Inverse pole figure maps of fatigued specimens under strain amplitudes of (a) 0.4%, (b) 0.8%, (c) 1.0%, (d) point to point misorientation along line ef in.
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which can be evidenced by the residual twins observed at
higher strain amplitudes, twinning deformation can transform
glissile dislocations into sessile ones to impede dislocation slip
[2] and residual twins – formed during the compressive loading
and did not disappear during unloading and tensile reloading –
accumulate with increasing loading cycles and act as barriers to
dislocation slip [31,32], moreover, the reduction of twinning–
detwinning also makes dislocation slip accommodate more
deformation. All these contribute to the higher cyclic hardening
rates under higher strain amplitudes.
Fig. 4b shows the evolvement of mean stress with loading
cycles, positive mean stress is maintained throughout the
fatigue life under all strain amplitudes, but the evolvement of
the mean stress depends on strain amplitude, when the strain
amplitudes are low (0.4%, 0.6%), the mean stresses decrease
continuously; when the strain amplitudes are high (0.8%,
1.0%), mean stresses decrease first then increase, similar trend
has been reported in studies of extruded AZ31 bar [33], and
extruded AZ61 alloy [11]. The evolvement of mean stress is
different under high strain amplitudes and low strain ampli-
tudes, because the tensile peak stresses increase faster after
some initial cycles under high strain amplitudes, two reasons
might be accountable, firstly, after some initial cycles tensile
peak stresses may become high enough to activate the prismatic
or pyramidal slip and their interaction with basal dislocations
results in strong strain hardening [34], secondly, the accumu-
lating residual twins impede dislocation slip, which increases
the stress during tensile loading.
Fig. 5 shows the first two cycles along with the half life cycle
of the hysteresis loops under different strain amplitudes. The
hysteresis loops are symmetric under strain amplitude of 0.4%
and become asymmetric under strain amplitudes higher than
0.6%; the higher the strain amplitude, the more asymmetric the
hysteresis loops.
At strain amplitude of 1.0%, the specimen yields as the
stress reaches 228 MPa during tensile loading, which is similar
Fig. 4. Cyclic stress response at strain amplitudes ranging from 0.4% to 1% for extruded AZ80 alloy: (a) cyclic stress amplitude, (b) mean stress.
Fig. 5. Hysteresis loops at first, second and half-life cycle under strain amplitudes of (a) 0.4%, (b) 0.6%, (c) 0.8%, (d) 1.0%.
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to the unidirectional tensile yield strength, during compressive
loading, the material shows a strain hardening plateau, which is
also observed at strain amplitudes of 0.8% and 0.6%, the length
of the plateau increases with increasing strain amplitude. The
strain hardening plateau was also reported in studies of
extruded ZK60 magnesium alloy [35,36]. The hardening
plateau is the result of extension twinning, direct evidence was
given by O. Muránsky et al. using in situ neutron diffraction
[36]. During unloading, the linear relationship between the
stress and strain maintains temporarily and the stress proceeds
nonlinearly with decreasing strain, this is attributed to
detwinning process, which is driven by the stress generated by
stress redistribution during twinning in the compressive phase
[36,37], detwinning generates elastic strain and makes the
stress–strain curve nonlinear. So the asymmetry of hysteresis
loops is the result of the twinning–detwinning deformation
mode activated under high strain amplitudes. In the second
cycle, the work hardening plateau disappears, since residual
twins formed after the first cycle [35], later deformation during
compressive loading involves the migration of twin boundaries
which requires smaller force compared with twin nucleation in
the first cycle, so the stress increases gradually. The asymmetry
of the hysteresis loop remains in the mid-life cycle indicating
twining–detwining still exists.
Effect of strain rate
Fig. 6 shows the evolvement of stress amplitude and mean
stress at different strain rates under strain amplitude of 0.8%.
The stress amplitudes are similar under different strain rates at
the beginning of the cyclic deformation and the specimens
exhibit cyclic hardening under different strain rates. However,
cyclic hardening rate increases with creasing strain rate, which
results in higher stress amplitudes under higher strain rates.
Although the evolvement of mean stress is similar at different
strain rates, mean stress also increases with increasing strain
rate. Duan et al. [22] reported opposite result in their study of
AZ31B under strain ratio of -∞: high strain rates favor {10–
12}〈10–11〉 twinning– detwinning that restricts dislocation slip
and result in low stress amplitudes. The strain ratio is different
from that used in their study, the length of the strain hardening
plateau of the hysteresis loops which corresponds to twinning
deformation under different strain rates is identical, and the
residual twins away from the fracture surface are also similar as
shown in Fig. 7, so it is speculated that the effect of strain rate
on the twinning deformation is not remarkable. As twinning
and dislocation slip are the plastic deformation modes, it is the
influence of the strain rate on dislocation slip that leads to
variation of stress amplitude and mean stress with strain rate.
Dislocations slip under the action of external stress and
barriers, some of the barriers can be overcome by thermal
activation, so the shear stress is sensitive to the change in plastic
strain rate, and the stress increases with increasing strain rate.
More dislocations will be generated under higher stress, and the
increased dislocation density could impede dislocation slip,
which will accelerate the hardening process [38]. Likewise,
under cyclic deformation, more dislocations can be generated
under higher strain rates, which increases the cyclic hardening
rate of the specimens tested at higher strain rates. Since dislo-
cation slip and twinning are the main deformation modes
during tension and compression, respectively, tensile peak
Fig. 6. Cyclic stress response at strain rates ranging from 1 × 10−3 s−1 to 1 × 10−2 s−1 for extruded AZ80 magnesium alloy: (a) stress amplitude, (b) mean stress.
Fig. 7. Microstructure away from the fracture surface at strain rates of (a) 1 × 10−2 s−1, (b) 1 × 10−3 s−1 under strain amplitude of 0.8%.
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stress increases more than compressive peak stress under higher
strain rates, so mean stress also increases with increasing strain
rate.
Fatigue life
The fatigue life of all specimens tested is listed in Table 3.
The fatigue life decreases with increasing strain amplitude,
strain–life curve of magnesium alloy have a kink point demar-
cating different deformation modes related to twinning-
detwinning and non-zero mean stress [39], the modified
Morrow model [7] takes into account the mean stress effect and
can correlate the fatigue life with total strain energy density.
The modified Morrow model can be expressed as:
ΔW Nt f* m C= (2)
where Nf is the fatigue life, ΔWt is the total strain energy density
at half-life, m and C are the material constants representing the
fatigue exponent and material energy absorption capacity,
respectively.
The strain amplitudes used in this study involve twinning–
detwinning as deformation mode and result in positive mean
stresses. So the modified Morrow model was used in this study.
Fig. 8 shows the relation between the fatigue life and the total
strain energy density. For the material used in this study, fatigue
life can be correlated to the total strain energy density
by this equation. The material constants are m = 0.300 and
C = 28.26MJ/m3 as obtained by best fitting the experimental
data.
The fatigue life increases with decreasing strain rate at strain
amplitude of 0.8%. High strain rates produce high stress ampli-
tudes and high mean stresses as can be seen from Fig. 6, since
positive mean stress is detrimental to fatigue resistance and the
total strain energy density is increased because of the high
strain amplitudes and the high positive mean stresses, so the
fatigue life is shorter under higher strain rates. The plastic strain
amplitude as a function of the cycle number is plotted in Fig. 9,
it first decreases then suddenly increases, which is the result of
the competition between the cyclic hardening and the fatigue
damage involving crack initiation and crack propagation [12].
The number of cycles corresponding to the valley point of the
plastic strain amplitude increases with decreasing strain rate.
This is in agreement with the result obtained by Begum et al.
[23]. The longer fatigue life under lower strain rates is mainly
caused by this prolonged stage of decreasing plastic strain
amplitude.
Since the strain rate affects the stress amplitude and mean
stress, the modified Morrow model with the obtained material
parameters was used to predict the fatigue life under different
strain rates. The predicted and experimental data are similar as
shown in Fig. 10 suggesting that the model can be used to
Table 3
Fatigue life of extruded AZ80 magnesium alloy.
Δε/2 (%) ε (s−1) Nf
0.4 1 × 10−2 7646
0.4 1 × 10−2 8023
0.6 1 × 10−2 1745
0.6 1 × 10−2 2020
0.8 1 × 10−2 424
0.8 1 × 10−2 397
1.0 1 × 10−2 169
1.0 1 × 10−2 145
0.8 1 × 10−3 650
0.8 1 × 10−3 638
0.8 5 × 10−3 436
0.8 5 × 10−3 403
0.8 1 × 10−1 390
0.8 1 × 10−1 253
Fig. 8. Relationship between total strain energy density and fatigue life.
Fig. 9. Plastic strain amplitude under different strain rates at strain amplitude
of 0.8%.
Fig. 10. Experimental result of fatigue life and that predicted by the modified
Morrow model under different strain rates.
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predict the effect of strain rate on the fatigue life of this alloy,
although further investigation is needed.
Conclusions
Low cycle fatigue behavior of extruded AZ80 magnesium
alloy under different strain rates and strain amplitudes was
examined in this study, several conclusions are drawn:
1 The extruded AZ80 magnesium alloy exhibits cyclic hard-
ening at strain amplitudes ranging from 0.4% to 1.0%. With
the increase of strain amplitude, the asymmetry of hysteresis
loops becomes increasingly obvious. {10–12} extension
twins play a role under higher strain amplitudes (0.8%,
1.0%).
2 High strain rates produce high stress amplitude, high mean
stresses and low fatigue life.
3 The relationship between the fatigue life and total strain
energy density under different strain amplitudes can be
described by the modified Morrow model, and the fatigue
life predicted by the model under different strain rates is
consistent with the experimental result.
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